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Summary  The  present  work  is  a  numerical  study  of  a  turbulent  isothermal  jet  issuing  from
cruciform  nozzle  into  still  air  at  a  high  Reynolds  number  of  1.7  ×  105.  The  numerical  simulation
was carried  out  by  using  open  source  CFD  tool  OpenFOAM®.  Three-dimensional  cuboid  shaped
domain was  used  to  simulate  the  unsteady  turbulent  ﬂow  ﬁeld.  The  simulation  was  carried  out
by solving  the  ﬁltered  Navier—Stokes  equations  along  with  Smagorinsky  sub-grid  scale  model.
The Large  Eddy  Simulation  (LES)  solutions  are  compared  with  experimental  data  for  validation
of the  jet  ﬂow  physics.  The  ﬂow  ﬁeld  of  turbulent  jet  from  cruciform  nozzle  are  described
in terms  of  inverse  mean  axial  velocity  decay  and  visualizations.  The  vortical  structures  are
visualized using  iso-surface  contours  of  vorticity  magnitude.  The  vortical  structures  develop
from the  cruciform  nozzle  is  signiﬁcantly  different  from  axisymmetric  nozzles.  The  vortical
structures  show  changes  in  shape  as  they  move  downstream  from  the  nozzle.  The  cruciform  jet
shows complex  vorticity  dynamics  in  the  near  ﬁeld  region.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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he  advantages  of  non-circular  jets  over  circular  jets  have
ttracted  many  ﬂuid  dynamics  researchers  to  study  about
he  ﬂow  ﬁeld  characteristics  of  the  former  type.  Cruciform
haped  nozzles  are  of  recent  interest  to  researchers  because
f  their  simple  geometry  and  easy  machining.  They  are  also
 This article belongs to the special issue on Engineering and Mate-
ial Sciences.
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icenses/by-nc-nd/4.0/).onsidered  as  simplest  lobed  nozzle.  Some  studies  have  been
eported  on  the  mean  ﬂow  and  turbulent  ﬂow  behaviours  of
ruciform  jets  using  experiments  (Quinn,  2013)  and  simula-
ions  (Kannan  and  Senthilkumar,  2016).  The  simulations  are
ostly  limited  to  RANS  type,  where  the  dynamics  of  ﬂow  is
ot  captured  in  detail.  The  dynamics  of  ﬂow  and  vortical
tructures  can  be  understood  by  performing  Direct  Numer-
cal  Simulations  (DNS).  Due  to  the  computational  cost  and
ime,  Large  Eddy  Simulations  are  preferred  instead  of  DNS
or  saving  computational  time  and  cost.
Studies  on  turbulent  jets  from  cruciform  nozzles  describ-
ng  unsteady  ﬂow  features  are  found  lacking  in  the
iterature.  Owing  to  the  computational  limitations,  the
icle under the CC BY-NC-ND license (http://creativecommons.org/
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VFigure  1  Nozzle  details  and  computational  domain.
present  work  is  a  preliminary  study  performed  before  full
LES  simulations  for  knowing  the  ﬂow  features  in  terms  of
vortical  structures  that  emanate  from  the  cruciform  noz-
zle.  The  present  work  will  include  validation  and  iso-surface
plots  at  various  intervals  for  jet  case  considered.  The  dis-
cussions  will  include  the  near  ﬁeld  dynamics  in  terms  of  ﬂow
structures,  i.e.  visualizations  of  vortical  structures.
Computational methodology
Computational  domain
The  cruciform  nozzle  has  exit  equivalent  diameter  of
D  =  45.32  mm.  A  cuboid  shaped  computational  domain  (refer
Fig.  1  for  nozzle  shape  and  computational  domain)  has  been
chosen  for  the  unsteady  cruciform  jet  simulations.  The  com-
putational  domain  is  large  enough  to  ensure  that  jet  ﬂow
has  proper  entrainment  and  also  to  minimize  error  from
boundaries  (Kannan,  2015).
Numerical  procedure
The  computational  domain  is  meshed  with  non-uniform
mesh  and  the  grading  is  towards  the  nozzle  exit  and  jet
axis.  The  governing  transport  equations  are  solved  numer-
ically  using  an  unsteady  solver  pisoFoam.  The  simulations
are  carried  out  for  long  duration  with  smaller  time  step  val-
ues  (10−05)  to  avoid  divergence  due  to  Courant  number.  The
Smagorinsky  model  is  used  for  calculating  the  sub-grid  scale
stresses.  The  delta  is  set  to  cubeRootVol  (refer  OpenFOAM
manual).  The  transient  data  is  stored  at  several  inter-
vals  according  to  the  post-processing  needs.  The  Reynolds
number  of  the  ﬂow  is  set  at  1.7  ×  105 and  the  corresponding
exit  velocity  is  56.1  m  per  second.
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Figure  3  Vortical  structures  for  T  =  0.001igure  2  Validation  of  inverse  mean  axial  velocity  decay.
The  simulated  results  are  post-processed  using  VTK  based
isualization  toolkit  called  Paraview.  The  ﬂow  ﬁeld  was  aver-
ged  to  get  the  mean  velocity  values  for  validation.  The
ther  visualizations  are  carried  out  for  various  time  step
alues  to  get  instantaneous  ﬂow  structures.
esults and discussion
o  know  the  ﬂow  ﬁeld  behaviour  of  isothermal  cruciform
et,  the  present  work  compares  the  results  from  LES  simula-
ions  with  RANS  simulations  and  experiments.  The  predicted
esults  are  discussed  in  the  following  sections.
alidation  of  inverse  mean  velocity  decay
he  inverse  of  mean  axial  velocity  (U/Ucl)  is  calculated  by
ividing  nozzle  exit  velocity  by  centerline  velocity  at  that
ocation.  This  value  is  plotted  against  normalized  axial  coor-
inate  and  shown  in  Fig.  2.  The  cruciform  jet  simulations
gree  with  experimental  data  better  in  the  early  potential
ore  region  and  there  is  a  slight  deviation  at  later  axial  loca-
ions.  The  RANS  simulation  data  is  included  for  comparison
urposes  and  it  shows  a better  agreement  with  experimental
ata.  The  possible  reasons  for  deviation  are  grid  and  aver-
ging.  Reﬁned  grid  can  be  used  for  better  solutions  at  higher
omputational  cost.
ortical  structures  versus  timehe  iso-surface  contours  of  vorticity  magnitude  are  visu-
lized  for  various  time  steps  and  they  are  shown  in  the
ollowing  ﬁgures.  The  contour  value  is  chosen  based  on  the
tructures  to  be  visualized.
 s  and  0.0015  s  (side  and  front  view).
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Figure  4  Vortical  structures  for  T  =  0.002  s  and  0.0025  s  (side  and  front  view).
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Rajesh Srivastava, Panigrahi, P.K., Muralidhar, K. (Eds.), Fluid
Mechanics and Fluid Power — Contemporary Research. SpringerFigure  5  Vortical  structures  for  T  =  
The  vortical  structures  develop  from  the  nozzle  with  cru-
iform  shape  has  several  characteristic  shapes  and  they  are
iscussed  in  the  following  points.
 At  T  =  0.001  s,  the  vortical  structure  develops  along  the
perimeter  of  the  cruciform  nozzle  and  has  bends  at  the
internal  and  external  corners  (refer  Fig.  3).
 At  T  =  0.0015  s,  the  vortical  structure  moves  slightly  down-
stream  but  almost  retains  the  shape.
 At  T  =  0.002  s,  the  vortical  structure  at  the  internal  corner
side  starts  detaching  (refer  Fig.  4).
 At  T  =  0.0025  s,  the  vortical  structure  at  the  internal  cor-
ner  side  detaches  and  forms  new  structures.
 At  T  =  0.003  s,  the  detached  structure  slightly  moves  in
radially  outward  (refer  Fig.  5).
 At  T  =  0.0035  s,  the  detached  structure  disappears  and
other  smaller  structures  are  formed.
 All  the  visualizations  show  empty  potential  core  where  the
velocity  is  almost  constant  and  no  structures  are  formed.onclusion
he  numerical  results  reported  in  this  study  throw  some  light
n  the  ﬂow  ﬁeld  structures  of  the  jet  ﬂow  that  emanate
Q s  and  0.0035  s  (side  and  front  view).
rom  cruciform  nozzle.  The  vortical  structures  develop  from
he  cruciform  nozzle  is  visualized  using  iso-surface  con-
ours  and  they  are  signiﬁcantly  different  from  axisymmetric
ozzles.  The  vortical  structures  change  shape  as  we  move
ownstream  the  nozzle.  The  cruciform  jet  shows  complex
orticity  dynamics  in  the  near  ﬁeld  region  which  can  be
elpful  in  better  mixing  characteristics.
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